Titin is a G3000-kDa large filamentous protein of vertebrate-striated muscle, and single titin molecules extend from the Z disc to the M line. In its I-band section, titin behaves extensible and is responsible for myofibrillar passive tension during stretch. However, details of the molecular basis of titin's elasticity are not known. We have compared the motif sequences of titin elastic elements from different vertebrate species and from different regions of the molecule. The I-band titin Ig repeats that are expressed in the stiff cardiac muscle and those that are tissue-specifically expressed in more elastic skeletal muscles represent distinct subgroups. Within the tissue-specifically expressed Ig repeats, a super-repeat structure is found. For the PEVK titin sequences, we surveyed interspecies conservation by hybridization experiments. The sequences of the titin gene which code for the Cterminal region of the PEVK domain are conserved in the genomes of a larger variety of vertebrates, whereas the N-terminal PEVK sequences are more divergent. Future comparisons of titin gene sequences from different vertebrates may improve our understanding of how titin contributes to species diversity of myofibrillar elasticity. Within one species, different classes of Ig repeat families may contribute to elastic diversity of the titin spring in different segments. 1998 Academic Press
INTRODUCTION
Titin, also called connectin, is a giant protein of vertebrate-striated muscle (Maruyama et al., 1977; Wang et al., 1979 ; for reviews : Maruyama, 1994; Trinick, 1994; Wang, 1996; Labeit et al., 1997) . Single molecules, when isolated in the native state, are 1.3 µm long (Suzuki et al., 1994) , and span the entire distance from Z-discs to M lines in situ (Fü rst et al., 1988) . The full-length cDNA sequence of the human soleus skeletal muscle titin predicts a 3.7-MDa protein. Titin has an extensively modular architecture and contains, depending on tissue-type, 244 (heart muscle) to 297 copies of 100-residue-long repeats (soleus skeletal muscle; Labeit and Kolmerer, 1995) . The 3D structures of recombinant fragments as determined by NMR techniques confirmed the prediction and showed that titin domains are composed of seven strands of anti-parallel betasandwiches (Pfuhl and Pastore, 1995; Muhle-Goll et al., 1998, submitted) . In addition to the Ig and FN3 repeats, titin contains nineteen segments of nonrepetitive sequence. They are found in the terminal segments of the titin protein and in the central I-band sections. Together, the unique sequence insertions comprise about 10% of the titin mass.
The I-band region of titin behaves extensible under physiological amounts of stretch (Fü rst et al., 1988; Itoh et al., 1988) and provides the main source of the sarcomere passive elasticity (e.g., Granzier and Irving, 1995; Linke et al., 1996; Trombitas et al., 1998) . All partial titin cDNA clones that were first isolated coded for Ig and FN3 domains, respectively (Labeit et al., 1990 (Labeit et al., , 1992 Maruyama et al., 1993; Tan et al., 1993) . Therefore, the first models which were proposed for titin elasticity focussed on the unfolding of the titin FN3/Ig domains (Soteriou et al., 1993; Erickson, 1994) .
One model would explain elasticity as achieved by their reversible unfolding (Soteriou et al., 1993; Erickson, 1994) . Another model (of more general validity) suggested that the elasticity would be of entropic nature and would be provided by exposure of buried hydrophobic hinges (Politou et al., 1995) . Later studies showed that both models could not involve primarily the Ig modules since they are stably folded and only weakly interacting with each other . If unfolding of the Ig domains took place at all, this should not be the general mechanism of passive elasticity . Knowledge of the complete titin sequence revealed the presence of a second motif in the central region of the I-band titin that is rich in proline, glutamate, valine, and lysine residues: these four amino acids together account for 70% of its amino acid content (for an overview of titin domain architecture, see Fig. 1 ). Therefore, this region is usually referred to as the PEVK-rich or PEVK region of titin.
Comparison of I-band titin sequences from different tissues reveals that both the Ig-repeats and the PEVK sequences are expressed in different length versions in the different striated muscles, possibly in correlation with myofibril elasticity (Labeit and Kolmerer, 1995) . Both sequence elements were suggested to be relevant to titin elasticity, but playing different roles during titin stretch. Recently, the mechanical behavior of the I-band titin's segments containing the tandem Ig domains and the PEVK motif has been investigated in more detail (Linke et al., 1996; Trombitas et al., 1998) . These studies have suggested that, at low forces, the tandem Ig domain segments extend up to three-to fourfold. At higher stretches and stronger forces, the part of the I-band titin containing the PEVK element is extended, and this latter process correlates with a steady increase in passive tension. Thus, the passive tension response of a myofibril has been suggested to result from the contribution of two distinct springs. Resting tension response over a wide range of forces may in fact only be obtained from the operation of two distinct springs connected in series (Trombitas et al., 1998) .
The sequence of the I-band section was originally determined from human cardiac and skeletal muscle cDNA clones (Labeit and Kolmerer, 1995) . Little was known about the primary structure of other vertebrate titins, although immunological cross-reactivity studies had indicated a strong sequence conservation within the vertebrate kingdom (e.g., Fü rst et al., 1988) . Only recently, a significant sample of I-band titin sequences from the avian titin has become available (Yajima et al., 1996) . In our laboratory, we have determined the sequence of the I-band titin from rabbit (Freiburg et al., manuscript and data library submissions in preparation) . In this paper, we attempt to obtain clues on the elasticity of the Labeit and Kolmerer (1995) . The position of the PEVK probes used for cross-hybridization experiments PEVK 1 to PEVK 4 (Fig. 6 ) is indicated.
titin spring by compairing the sequences of the two I-band motifs from a variety of species. For an overview on the conservation of the PEVK titin, probes from different sections of the PEVK titin were hybridized to a panel of vertebrate genomic DNAs, and this indicated different extents of conservation. For the tandem Ig repeats, study of the motif consensus sequences indicates that different subclasses of the Ig repeat exist. Possibly, the titin spring may be more heterogeneous in sequence along its length than previously assumed, and different segments in the I-band titin may differ in their mechanical properties.
MATERIALS AND METHODS
Sequence alignment and interspecies comparisons. For the human titin, the domains of interest were extracted from the available cardiac and skeletal sequences (Labeit and Kolmerer, 1995 ; EMBL Data Library Accession Nos. X90568 and X90569, respectively). For avian titin, sequences were obtained from Entry D83390 (Yajima et al., 1996) . The domains from the rabbit titin are from a sequence recently determined in our laboratory (entries in preparation for submission). The sequence alignment (Genetics Computer Group, 1994) . PILEUP with manual adjustments was used to align the consecutive Ig repeats. The colored alignment was done with Clustal X (Thompson et al., 1997) .
The Ig repeats I29 to I31 from the human, mouse, cat, fin whale (common rorqual, Balaenoptera physalus), sheep, and alligator (Alligator mississippiensis) titin genes were isolated from respective genomic DNAs (Bielefeld DNA zoo collection) with human primer pairs under conditions of reduced stringency. Amplified bands were gel-purified, and the fragment sequences were determined by cycle sequencing.
Southern blot analysis. Titin cDNA probes were prepared from the previously determined human cardiac and human skeletal cDNAs (Labeit and Kolmerer, 1995) . Oligonucleotides flanking the desired regions were used to amplify the respective cDNA fragments by the PCR method (Saiki et al., 1985) . As a template for the PCR reactions, total human cardiac or skeletal cDNA was obtained by the amplification of commercially available human skeletal and cardiac cDNA libraries (Clontech and Stratagene, respectively). Amplified 0.3-to 2-kb fragments were sized on agarose gels, and after excision from the gel, the DNA was extracted from the agarose slices with the Jetsob-kit as specified by the supplier (Genomed). For Southern blot analysis, vertebrate genomic DNAs were prepared essentially as described (Herrmann and Frischauf, 1987) and restriction-digested to completion with EcoRI as specified by the supplier. After separation on native 0.8% agarose gels, fragments were transfered to Hybond-Nϩ nylon membranes (Southern, 1975) and cross-linked to the membrane by short wave UV light (Church and Gilbert, 1984) with a Stratalinker (Stratagene). Blots were hybridized with 32 P randomly labeled cDNAs (Feinberg and Vogelstein, 1983) . Washes were performed at 50°C in 0.5 SSC/0.1% SDS wash buffer. After 10-min washes, filters were exposed for 4 to 10 days to X-ray film (Kodak X-AR) at Ϫ60°C with intensifying screens.
RESULTS

The I-Band Titin Ig Domains May Be Classified in Distinct Subfamilies
The proximal tandem Ig segment from human cardiac muscle comprises 15 Ig repeats, whereas in the human soleus muscle a total of 68 Ig repeats are expressed, including the ones found in the cardiac titin (see Fig. 1 ). Inspection of the alignment of the Ig repeats I1 to I68 from the human proximal tandem Ig segment as well as of an evolutionary tree reveals that their sequences fall into three distinct subfamilies (Figs. 2a and 2b): (i) The first subfamily contains the Ig repeats I1 to I13. Their sequences cluster together with the other constitutively expressed Ig domains (Labeit and Kolmerer, 1995; Improta et al., 1996) and are characterized by a shorter consensus motif. The sequences that correspond in the structure to the BC and FG loops are consistently shorter than in all the other titin Ig domains . These two loops pack against each other in space at the C-terminus (Pfuhl and Pastore, 1995) so that the combined shortening may be considered a
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correlated mutation. The C-terminus terminates only one residue after the hxhxh motif (where h stands for a hydrophobic and x for any aminoacid) that characterizes the G strand. Overall the domains in this subfamily have fewer proline residues in the sequence. (ii) The repeats I14 and I15 are essentially in the same family as the preceding ones but are characterized by C-terminal extensions of 13 and 15 amino acids, respectively. The sequences of these linkers are rather hydrophobic with a twofold periodicity, suggesting that they might form an additional strand. (iii) Finally, the domains from I16 to I68 have a distinct consensus sequence with a well conserved PPxh (where P is a proline, x is any amino acid, and h is a hydrophobic, usually a phenylalanine) at the N-terminus. Near their C-terminal end, the Ig repeats I14 to I68 have insertions of one to four residues which are centered around a conserved glutamic acid. It has already been noticed before that the differentially expressed skeletal I-band domains cluster into distinct super-repeats of 6 and 10 domains, respectively (Gautel, 1996) . A more careful inspection of the genealogic tree of I14 to I68 shows that the 10-domain super-repeat (of which there are 10 copies) is older than the 6-domain super-repeat (of which there are only 6 copies). The 6-domain repeat seems to have been generated by duplication of the first position of the 10-domain super-repeat. The similarity within equivalent positions in the superrepeat is closer than what observed for the A-band super-repeat.
We next investigated if the above observations remain conserved also in other species. We determined the sequence of the proximal tandem Ig segment from rabbit soleus skeletal muscle. Inspection of the alignment of the rabbit domains confirms our findings for the human sequence as it shows a similar subfamily architecture (Fig. 3) . The same pattern is also found in the Ig repeats sequenced so far from avian titin (Yajima et al., 1996) (Fig. 4) . Interestingly, the C-terminal extensions in domains I14 and I15 are conserved in all three human, rabbit, and avian titin sequences.
We conclude that distinct subfamilies of Ig repeats are present within the proximal tandem Ig segment. This could possibly be a consequence of evolutionary duplication events and, thus, may not necessarily argue for functionally different roles of the respective Ig repeat families. For example, the differentially expressed repeats I16 to I168 could have resulted from casual exon duplication events. The patterns that we observe would in such a case reflect no specific functional adaptation. To investigate this possibility, we determined the Ig repeat sequences I29 to I32 from a larger variety of evolutionary distant species. The comparison of those Ig repeats shows that their peptide sequences are highly conserved in contrast to their nucleotide sequences (for alignment, see Fig. 5 ; actual percentages are given in the legend). This, together with the arrangement of distinct Ig domains in super-repeats in the evolutionary distant avian and mammalian titins argues for a functional significance of the Ig repeat diversity.
Interspecies Conservation of the PEVK Titin
Recent studies have suggested that it is the PEVK region of the titin which predominantly unravels upon stretch toward the end of the physiological sarcomere length range. The extension of the PEVK domain is linked to the development of increasing passive tension (Linke et al., 1996; Trombitas et al., 1998) . The structural basis of the PEVK extension is unknown, i.e., if the PEVK region of the titin has a stable fold that unfolds upon tension, or if the PEVK titin is permanently unfolded. Conversely, it is unknown if the PEVK titin collapses during relaxation to a random coil or if relaxation results in the formation of specific tertiary structural folds in the PEVK titin. We have studied the interspecies conservation of the PEVK titin to possibly gain some first insights into its molecular nature. The determination of a sample of rabbit titin PEVK sequences and their comparison with the previously determined human PEVK sequences (Labeit and Kolmerer, 1995) demonstrates that the PEVK titin primary structure is similarly well conserved as the Ig repeats (Fig. 6) . Models on PEVK titin extensibility may consider the formation of secondary or tertiary structures during its relaxation, which could explain its significant sequence conservation. Alternatively, if the PEVK titin remains permanently unfolded (Trombitas et al., 1998) , then novel mechanisms may exert yet unknown constraints on the primary structure of the PEVK titin. A collapsing to an amorphous structure (Gautel and Goulding, 1996) appears to be unlikely.
To investigate the conservation of the PEVK titin   FIG. 3 . Alignment of the Ig repeat sequences I1 to I68 from rabbit titin (data library entry and details on the differential expression of the I1 to I68 repeats in the rabbit muscles will be described elsewhere). Different consensus sequences within the proximal tandem Ig segment are also present in the rabbit titin .  FIG. 4 . Alignment of the Ig repeat sequences I1 to I16 and I57 to I68 from avian titin (sequence from Yajima et al., 1996 ; Data Library Entry D83390). The Ig repeats I17 to I56 are missing from the described titin sequence from chicken breast muscle. However, the data are sufficient to conclude that as in the mammalian titins from human and rabbit, different classes of Ig repeats exist in the proximal tandem Ig segment.
sequence in a larger variety of vertebrates, we hybridized sequentially fragments coding for the human PEVK titin to a collection of different vertebrate genomic DNAs. This detects the presence of the C-terminal PEVK sequences in evolutionary distant vertebrates (Fig. 6) . Conservation of the titin gene structure in this region is suggested by conserved restriction fragment lengths. Probes from the N-terminal half of the PEVK titin segment did not cross-hybridize to a larger variety of vertebrates (Fig. 6 ).
DISCUSSION
The part of the titin filament which behaves extensible under physiological conditions is composed predominantly of two distinct motif families: tandemly arranged Ig repeats and the PEVK-rich segment (Fig. 1) . Recent biophysical studies have characterized the mechanical behavior of these two different components by using epitope-mapped I-band titin-specific antibodies. Both EM and immunofluorescence studies on intact single myofibrils suggest that the proximal tandem Ig segment, flanked by the T12 and N2A epitopes, and the PEVK titin region, flanked by the N2A and MIR epitopes, behave differently under stretching (Linke et al., 1996; Gautel and Goulding, 1996; Trombitas et al., 1998) . The tandem Ig segments extend three-to fourfold at low forces, whereas at higher amounts of stretch and passive tension, the PEVK region unravels. Accordingly, the models proposed suggest that the elastic properties of the titin filament can be described as the combined contribution of two different springs acting in series. More insights into the elastic nature of the titin filament have been gained by the study of single titin molecules (Kellermayer et al., 1997; Tskhovrebova et al., 1997; Rief et al., 1997) . These studies are in perfect agreement with the possibility that the titin filament contains mechanically different compartments. Bustamante and colleagues detected that a significant fraction of the titin filament (5 to 40%) behaves extensible at lower forces, whereas the remaining part of the titin behaves much stiffer (Kellermayer et al., 1997) .
A more detailed analysis of the sequences of the two I-band elements presented in this paper shows the presence of clearly distinct subfamilies of the Ig repeats. Considering the high conservation of individual Ig repeats in different species and of the super-repeat patterns of avian and mammalian titins, this likely reflects the adoption of specialized functions by the individual Ig repeats subfamilies. These functions are likely related to titin elastic properties since the mobile behavior of the titin epitopes from the proximal tandem Ig segment appears to preclude a stronger interaction of the titin and the thin filaments (Funatsu et al., 1993; Linke et al., 1996; Gautel and Goulding, 1996; Trombitas et al., 1997) . Similarly, the mobile behavior of PEVK titin epitopes during stretch appears to exclude stronger protein/protein interactions of the PEVK titin with other components of the myofibril (Trombitas et al., 1998) .
We shall first discuss possible implications for the Ig domains. The repeats I1 to I13 are expressed in all striated muscle, whereas the repeats I16 to I68 are expressed tissue-specifically, thereby controlling myofibril stiffness and sarcomere length (Labeit and Kolmerer, 1995; Freiburg et al., in preparation) . Differentiation of the Ig repeats I1 to I68 in subfamilies may either be a sign of the genetic events undergone by the titin gene (the history of which is not always easy to decode) or a progressive specialization of certain domains to specific and diversified functions. There is no doubt that all titin Ig motifs will adopt a very similar Ig fold that belongs to the 87, 86, 85, 83, and 67 .5% sequence homology on the nucleotide level. The corresponding peptide sequences are more strongly conserved (when compared to human titin: fin whale, 92% sequence identity, 94% similarity; cat, 94% sequence idendity, 96% similarity; sheep, 92% sequence idendity, 95% similarity; mouse, 88% sequence idendity, 92% similarity; alligator, 74% sequence idendity, 82.5% similarity). This may suggest that the tandem Ig repeats are not spacer-like elements without critical functions.
I-set (Harpaz and Chothia, 1994) . The high conservation of key residues within the whole family convinsibly argue in favor of such assumption. The sequence similarity makes us to predict confidently that the core residues of even distantly related modules will not differ by more than 2.5-3.0 Å (Chothia and Lesk, 1986) . The domains may, however, have different thermodynamic and kinetic properties which might in the end be reflected in different mechanical behavior along the titin filament. Important might also be the way contiguous domains are linked together and might be reflected by the number and the types of residues present in the domain interface. In a recent study of recombinant fragments spanning one, two, and four Ig domains selected among the constitutively expressed modules (Improta et al., 1998) , it was shown that the domain interface is mostly rigid and would most likely determine a defined tertiary orientation (if not a very rigid three-dimensional structure). In this subfamily there is only one residue (the last one of the consensus sequence in Fig. 2 ) that would be in the domain/domain interface and not involved in a defined tertiary structure. The constitutively expressed tandem domains must therefore be tightly jointed. Conversely, domains I16 to I68 have a consensus sequence that is distinct from that of the Ig repeats I1 to I13. Most of the superrepeats have a domain/domain interface one residue longer with a conserved C-terminal glutamic acid. This residue is, however, common also in Ig domains from other regions of titin. One super-repeat (the one containing repeats 22, 28, 32, 38, 48, and 58) has four residues in the interface which should be enough to provide a different relative mobility. It is therefore tempting to suggest that diversification of the I-band Ig domains is needed to provide specific mechanical properties and modulate the stiffness of different types of muscles. These properties could eventually be related to the suggestion that titin behaves according to the worm-like-chain model (Kellermayer et al., 1997; Tskhovrebova et al., 1997) . Biophysical studies are currently in progress to compare the mechanical properties of the differentially expressed Ig repeats I16 to I68 with those of the constitutively expressed repeats I1 to I13 and the study of the intermodule dynamics.
Moving now to discuss the PEVK region, we have found that the sequential hybridization of the PEVK probes to a variety of vertebrates detects only the C-terminal part of the PEVK domain. This appears to be the most conserved part of the titin gene in this region (Fig. 6) . The nonmammalian vertebrates like (Labeit and Kolmerer, 1995) . Highly conserved patches appear to be alternative with less conserved positions. Overall, the part shown of the PEVK domain shares 88% sequence identity between rabbit and human on the nucleotide level, whereas the peptides share 87% sequence idendity and 93% sequence similarity, respectively. shark might contain a smaller PEVK domain and share with the mammals only the C-terminal parts of the PEVK domain in their respective titin genes. Possibly, the N-terminal PEVK sequences with multiple differential splice variants could have emerged later during evolution in those species where fiber and tissue types account for an extensive myofibrillar diversity. Alternatively, the N-terminal PEVK region may have an incompact genomic organization, whereas a more compact genomic organization of the C-terminal PEVK region may allow a stronger cross-hybridization of genomic DNAs to cDNA probes. Future studies are mandatory to compare titin gene sequences from the PEVK region from fish and mammals.
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